ABSTRACT PATTERNS OF GENETIC AND MORPHOLOGICAL VARIATION IN DEER MICE (PEROMYSCUS MANICULATUS)
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Particularly important in western North America is the study by Yang and Kenagy (2009) , in which an mtDNA divergence separating P. maniculatus into Pacific Northwest and California haplogroups was identified, which was also consistent with the research of Dragoo et al. (2006) and Lansman et al. (1983) .
The combination of both molecular and morphological data has proved useful in elucidating relationships and evolutionary history within and between species (Maldonado et al. 2004; Ordonez-Garza et al. 2010; Rodriquez and Ammerman 2004;  and others). Ordonez-Garza et al. (2010) found that both mtDNA data and morphological data support the same phylogenetic relationships between three species of Peromyscus. Maldonado et al. (2001) performed a genetic analysis of Sorex ornatus (southern, central, and northern groups) and Sorex vagrans and found that the northern group of S. ornatus could not be differentiated from S. vagrans. However, S. ornatus and S. vagrans were found to be morphologically distinct groups (Maldonado et al 2004) .
Taken alone, the genetic and morphological data lead to different conclusions. Using both lines of evidence, Maldonado et al. (2004) hypothesized that since the three distinct groups of S. ornatus have likely been separated for more than 1 million years, S. vagrans was derived from an ancestor of the northern S. ornatus. Rodriquez and Ammerman (2004) found conflicting genetic and morpholgical data in the relationship between Myotis californicus and Myotis ciliolabrum. They concluded that these two species may be only one distinct species, or they diverged recently and experienced incomplete lineage sorting. For all mice samples (n=107) in which DNA was successfully extracted, a 383 base-pair region of the mitochondrial control region was amplified using the polymerase chain reaction (PCR) and the primers THR 5′TCAAAGCTTACACCAGTCTTGTAAACC3′ (Kocher et al. 1989 ) and TDKD 5′CCTGAAGTAGGAACCAGATC3′ (Kocher et al. 1993) . PCR was performed in a 25 μl reaction volume containing 0.5 μl of a 1:100 dilution of DNA in TE buffer (10 mM Tris [pH 8.0] and 1 mM EDTA), 50 mM KCl, 10 mM Tris [pH 8.3], 0.2 mM dNTPs (Fisher, Pittsburgh, Pennsylvania), 0.4 μM forward primer THR, 0.4 μM reverse primer TDKD, 0.4 mg/ml bovine serum albumin, 3.5 mM MgCl 2 , and 1 unit Taq DNA polymerase (AllStar, Sunnyvale, California). To ensure no contamination was present, a negative control using DNA-grade water instead of DNA was put in one of the reaction tubes. PCR was performed on a Personal Thermal Mastercycler (Eppendorf) with the following settings: initial denaturation at 95ºC for 2 min., followed by 35 cycles of 95ºC for 30 s., 59.4ºC for 1 min., and 72ºC for 1 min., and then final extension at 72ºC for 7 min.. Gel electrophoresis was performed to confirm lack of contamination and formation of desired product. PCR products were then sent to Geneway Research, Hayward, California for sequencing.
The 383 base-pair region of the DNA was aligned with BioEdit software version 7.0.5.3 (Hall 1999) . A neighbor-joining tree was built with 10,000 bootstrap replicates and a Kimura 2-parameter model in Molecular Evolutionary Genetics Analysis (MEGA) version 4.1 (Tamura et al. 2007 ). Additional neighbor-joining trees using different models of nucleotide substitution, a maximum parsimony tree, and a minimum evolution tree were also created to lend further support for the original tree.
To look at population differentiation, F st pairwise differences were determined in Arlequin version 3.1 (Excoffier et al. 2005 ) using 10,000 permutations to test for significance at an alpha of 0.05. (Fu 1997; Tajima 1989) . Ramos-Onsins and Rozas' R 2 was performed in DnaSP using 10,000 replicates and an alpha of 0.05 was used as the significance level. The mismatch distribution using DnaSP was used as a comparable test for recent population expansion (Rogers and Harpending 1992) .
Morphological Analysis-Specimens (n=141) were put into one of two age categories (adult or sub-adult/juvenile) based primarily on the degree of closure of the basioccipital/basisphenoid cranial suture and secondarily on the degree of closure of the basisphenoid/presphenoid cranial suture and tooth wear (as defined in Koh and Peterson 1983) .
The following six cranial and mandibular measurements (as defined in Koh and Peterson 1983) were taken from each adult North American deer mouse (n=72): greatest length of skull, greatest length of mandible, length of mandibular tooth row, width of brain case, length of hard palate, and width across upper first molars. Cranial and mandibular measurements were taken using a digital caliper (Fowler Ultracal III) and were recorded to the nearest 0.01 mm. The selection of morphometric characters was based on the characters that other researchers commonly use and find informative (Landry and Lapointe 2001; Shipp-Pennock et al. 2005) , and also on those characters that were found to have no significant differences across adult age classes of P. maniculatus since all adult mice were put into one age category (Koh and Peterson 1983) . To maximize measurement consistency all cranial and mandibular measurements were taken by one person. In addition, 20% of the sample was measured a second time and these measurements were always within 5% of the original measurements. Missing data due to damaged skulls were replaced with the mean from the population to which the specimen belonged (n = 5).
Previous research has shown that sex has no significant effect on morphological variation in P. maniculatus populations (Koh and Peterson 1983; Shipp-Pennock et al. 2005 ). To ensure the sexes can be pooled into one group for statistical analyses, multivariate analysis of variance, MANOVA, (SPSS 2001) was performed on each population and all populations combined to determine the effect of sex on population variation.
Descriptive statistics (mean, standard deviation, standard error, and coefficient of variation) were calculated for each population (Table 1) . MANOVA (SPSS) was used to ascertain whether morphometric characters significantly varied among populations and also among the two clades. Since discriminant function analysis, DFA, optimizes the separation of groups, it was used as a complimentary test to determine if the two genetic clades differ morphologically. (Fig. 3) , while the multimodal mismatch distribution of the California haplogroup does not (Fig. 4) . Although this study did not include nuclear DNA, it is likely that the California and Pacific Northwest haplogroups interbreed as suggested by Yang and Kenagy (2009) .
It is primarily the nuclear DNA that carries the genes that dictate the cranial morphology of P. maniculatus. So it also is not surprising that the morphological comparison between the California and Pacific Northwest mice could not discriminate between the two haplogroups.
Molecular tools have confirmed (Avise et al. 1979; Miyamota 1987; Shoshani et al. 1996; Zheng et al. 2003) , refuted (Bond et al. 2001; Echelle and Mosier 1981; Lansman et al. 1983) , and resolved (Bowen et al. 1991; Hillis et al. 1983 ) previous understandings of evolutionary relationships. Before molecular techniques were in common use, the basis of our understanding of the relationships between organisms was their morphology. While some phylogenies created with morphology have been dismissed in lieu of molecular data (Gatesy et al. 1999 ; and others), many of them remain and have been confirmed through use of molecular data (Avise et al. 1979; Miyamota 1987; Shaw 2002; Shoshani 1996) .
P. maniculatus has been the subject of numerous phylogeographic studies (Dragoo et al. 2006; Lansman et al. 1983; Yang and Kenagy 2009; Zheng et al. 2003) .
Future phylogeographic studies on other murid rodents that occupy the Pacific Northwest, such as Neotoma cinerea or Ondatra zibethicus, would be interesting to compare to this study. Sampling over the entire western range and the use of both mitochondrial and nuclear DNA are crucial for a better understanding of the species evolutionary history.
